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We have searched for the neutral Higgs boson produced in decays o f the Z° through the process e +e~-»Z 0~>H°Zü*. The data 
sample analysed corresponds to 111 200 hadronic decays of the Z°. Combining the results of this analysis with previous L3 results 
we exclude a minimal standard model Higgs boson in the mass range 0<yV/Ho <41.8 GeV at the 95% confidence level.
1. Introduction
In the minimal standard model of electro-weak in­
teractions [ 1 ] the existence of the neutral boson H° 
is required in order to give mass to the W* and the 
Z° vector bosons [2]. In this framework all the cou­
plings of the H° boson both to the vector bosons and 
to the fermions are predicted, but its mass is left un­
predicted. If the H° mass were lower than the Z° mass 
the Higgs boson would be produced at LEP through 
the Bjorken bremsstrahlung process [ 3 ] :
e+e“ ->Z°->H0 + Z 0*->H° +  f f .
Up to now there is no direct evidence for its existence
1 Supported by the German Bundesministerium für Forschung 
und Technologie.
and mass limits were reported by all LEP experi­
ments [4-8].
In this paper we describe our search for the H° 
within the mass range from 15 to 50 GeV. This search 
used the data collected at LEP with the L3 detector 
in 1990 at centre of mass energies between 88,2 and
94.3 GeV. The total integrated luminosity is 5.3 pb_ l, 
corresponding to 111 200 hadronic Z° decays.
2. The L3 detector
The L3 detector covers 99% of 4 a. The detector 
consists of a central tracking chamber, a high resolu­
tion electromagnetic calorimeter composed of BGO 
crystals, a ring of scintillation counters, a uranium and 
brass hadron calorimeter with proportional wire
452
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chamber readout, and an accurate muon chamber 
system. These detectors are installed in a 12 m di­
ameter magnet which provides a uniform field of 0 . 5  
T along the beam direction.
The central tracking chamber is a time expansion 
chamber which consists of two cylindrical layers of 
1 2 and 24 sectors, with 62 wires measuring the Ä-0 
coordinate. The single wire resolution is 58 }im av­
eraged over the entire cell. The double-track resolu­
tion is 640 jim. The fine segmentation of the BGO 
detector and the hadron calorimeter allows us to 
measure the direction of jets with an angular resolu­
tion of 2.5°, and to measure the total energy of had­
ronic events from Z° decay with a resolution of 10.2%. 
The muon detector consists of three layers of precise 
drift chambers, which measure 56 points on the muon 
trajectory in the bending plane, and eight points in 
the non-bending direction.
For the present analysis, we use the data collected 
in the following ranges of polar angle:
-  for the central tracking chamber, 270 < 0 < 15 3 0,
-  for the hadron calorimeter, 5 0 < 9 < 175 °,
-  for the muon chambers, 35.8° <6<  144.2%
-  for the electromagnetic calorimeter, 42 .4°<6<  
137.6°.
The luminosity is determined by measuring small 
angle Bhabha events in two forward calorimeters 
consisting of BGO crystals. The detector and its per­
formance are described in detail elsewhere [9,10].
3. H° production and decay
The e+e"-~>Z°”->H° +  Z0* cross section is predicted 
by the standard model and depends on the Higgs mass 
[11]. Higher order electro-weak corrections have 
been taken into account using the Improved Born 
Approximation [ 1 2 ] and adding the contribution of 
a top quark triangle graph at the Z°Z°*H° vertex [13]. 
The effect of initial state photon radiation has been 
computed using an exponentiation technique [14].
Since the Higgs coupling to fermions is propor­
tional to the fermion mass, the Higgs decays predom­
inantly into a bb pair for masses above 15 GeV, al­
though the branching ratios into cc and t+t“ are not 
negligible [15]. QCD corrections [16] decrease the 
partial widths into qq, thus enhancing the branching 
ratio into t + x ”  compared to the tree level. After this
correction the branching ratio into t +t "  for a Higgs 
of 40 GeV is approximately 6 %.
We have carried out the search in the following 
three channels:
e +e-->H °vv,
e+e- -»H°|j + ^ ” ,
e+e- ->H°e+e~ .
In order to study the production and decay of the 
Higgs boson, and to determine the acceptance of the 
detector and the efficiency of the selection, a Monte 
Carlo simulation of different processes has been per­
formed. Higgs events were generated in the above 
channels for six different H° masses in the range from 
15 to 50 GeV. The event generator program includes 
initial state photon radiation and final state radia­
tion of photons from ieptons and gluons from quarks. 
Different background sources have also been simu­
lated as described below. Hadronisation and decays 
have been simulated using the Lund model (JETSET
6.3 ) [17] with parton shower fragmentation. The re­
sponse of the detector has been simulated using the 
L3 detector simulation program [18] which takes into 
account the effects of energy loss, multiple scattering, 
interactions and decays in the detector materials and 
in the beam pipe. The resolution and the efficiency 
of the detector are also included in the simulation.
4. Z°-*H°vv event selection
In the process H°vv a large fraction of the energy is 
carried by the neutrinos. Depending on the Higgs 
mass and the Lorentz boost of the Higgs, the decay 
products can either be close to each other, appearing 
as a single jet, or be well separated in space, forming 
two or more jets. Thus the signatures are one jet or 
two acoliinear jets or three acoplanarjets, large miss­
ing energy and large momentum imbalance. Jets are 
reconstructed using a two step procedure [ 1 0 ]: first 
neighbouring calorimetric hits are combined into 
dusters, then jets are formed merging neighbouring 
clusters and muon tracks. Each charged track mea­
sured in the vertex chamber is assigned to the nearest 
jet. The visible mass, M vis, of the event is computed 
from calorimetric clusters and muon tracks assuming 
they correspond to massless particles. In order to
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study the background contamination in detail we have 
simulated different processes: 168 0 0 0  hadronic de­
cays of the Z°, a number of e +e~-»e+e “ qq events 
with invariant mass of the qq system greater than 4 
GeV corresponding to 16.7 pb " 1 and 9900 
~>x+T~(y) events. We refer to these processes
100
e+e~
as “ qq” , “yy” and “t t ” respectively.
We have implemented the following set of prese­
lection cuts which reject the bulk of the background 
events:
( 1 ) There should be at least four charged tracks 
with transverse momentum greater than 0.3 GeV and 
a distance of closest approach to the beam axis less 
than 1 0  mm.
(2) The energy deposited in the luminosity moni­
tor should be less than 20 GeV.
(3) There should be at least one jet with all the 
following properties:
-  at least 7 GeV of energy,
-  at least 2 0 ° away from the beam axis,
-  at least one track in the central tracking detector 
within 35 ° of the jet axis.
(4) The longitudinal energy imbalance should be 
less than 60% of the total visible energy.
(5) The transverse energy imbalance should be 
greater than 15% of the total visible energy.
( 6 ) The visible mass of the event should be less 
than 65 GeV.
( 7 ) There should not be more than three jets with 
energies greater than 5 GeV.
( 8  ) If the event contains at least two jets, the angle 
between the two most energetic jets should be less 
than 3 rad.
These cuts are effective in decreasing the back­
ground from cosmics [cut ( 1 ) ] , beam -gasandbeam - 
wall interactions [cuts ( 1 ) and ( 2 ) ], two photon in­
teractions [cuts ( 1 )—(5 )]  and hadronic [cuts ( 5 ) -  
( 8  ) ] and tau [cuts ( 1 ) and ( 8  ) ] decays of Z°. The 
efficiency of these cuts for a 40 GeV Higgs signal is 
87%. The visible mass of all the 364 surviving events 
is shown in fig. 1 a for the data together with the Monte 
Carlo predictions for the background. Fig. lb  shows 
the corresponding Monte Carlo distribution for a 
Higgs of 40 GeV mass. All Monte Carlo histograms 
in fig. 1 are normalized to the total integrated lumi­
nosity. We estimate that after these cuts the back­
ground from sources other than qq, i t  and yy events 
is negligible.
so
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Fig. 1. (a) The invariant mass spectrum of data which pass the 
preselection for the H°vv channel search (points) together with 
the Monte Carlo predictions (histogram) of the main sources of  
background: qq, e +e~qc[ and t + t ~ events; Monte Carlo events 
are normalized to the total integrated luminosity, (b) The invar­
iant mass spectrum for 40 GeV Higgs Monte Carlo events.
In order to check how accurately the different 
background sources are reproduced by the Monte 
Carlo and to have an additional tool to separate the 
signal from the background we have used a x 2 method 
[19]. We consider a class C of events, where C can 
be either qq or xt or yy or Higgs Monte Carlo events, 
and describe an event belonging to this class using 
the vector x  with the following components:
-  X[\ total visible energy;
“ X2: total imbalance;
-  -\r3: transverse energy imbalance;
-  ,\r4: number of calorimetric clusters;
-  x 5: angle between the two most energetic jets;
-  x 6: angle between the plane of the two most ener­
getic jets and the beam-axis.
The class C is then characterized by the covariance 
matrix
1
d u= T t £  (xf-Xi) (xf-Xj),  /,; =  1 , 6  ,
where N  is the total number of events in C. The dis-
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tance of a given event, described by a vector y , from 
the class C is defined as
* C = - ^  I  I  (yt-xf)D,j ' ( y j - x f )  .
W k= 1....N i,j=: 6
Finally we define the weight of the event, described 
by y , with respect to C,
JVc = ex p ( — tîR c) .
where the denominator in the exponent is twice the 
number of vector components.
We compute the weights Wqq) Wxv, and WH us­
ing the Monte Carlo samples of events satisfying the 
preselection criteria. The Higgs weight is interpo­
lated, using the visible mass of the event, between the 
weights with respect to the two Higgs Monte Carlo 
samples with masses nearest to M vis.
After defining these four weights we label each 
event as
qq-like if W  > W  WQQ 77 *
rt-like if WXT > Wqq, HP ,
yy-like if Wyy > Wqq, WTX,
Fig. 2a shows the distributions of the difference 
W'h — f°r the qq-like events from the data, the 
qq-like events from the Monte Carlo of the three main 
backgrounds and for all 40 GeV Higgs Monte Carlo 
event. We can see that the contribution from the re 
and yy background is negligible. Fig. 2b shows the 
corresponding distributions for the tt-like events, 
where in this case the contribution from qq and yy 
background is negligible.
To select the final sample we define the following 
variables:
(i) If the event contains at least three jets we con­
sider the three most energetic jets and we define
e123 2(012+023+013) »
where d y is the angle between jets i and j . In the case 
there are only two jets 0 1 2 3 is the angle between the 
two jets and in the case there is only one jet 0 l 2 3 is 
zero.
(ii) We find the minimum opening angle cone 
which contains ail calorimetric energy, allowing at 
most 1 GeV outside the cone. We define
60
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Fig. 2. The distributions for data and Monte Carlo of the quan­
tities WH— Wm (a) and WH — (b ). The figures include only 
the events which have, respectively, a qq or tc weight larger than 
the other two background weights. The distribution o f  these vari­
ables for a 40 GeV Higgs is also shown.
E * _  El COS OLj
l i  E i
where E-, is the energy either of a calorimetric cluster 
or of a muon track and a, is the angle between its 
direction and the cone axis.
(iii) We define the background weight as
W'BG = max ( Wqq , ■> Wyy ) •
An event is accepted if it satisfies the following 
criteria:
(a) 23 < 3  rad. The effect of this cut on the pre­
selected sample is shown in fig. 3a. For 0123>3 rad 
the number of events is already reduced by the pre­
selection cut ( 8 ).
(b) E*> 0.12, Fig. 3b shows E* for all the events 
which survive cut (a).
( c ) WH — WBG > 0.14. Fig. 3c shows this difference
for all the events surviving cuts (a) and (b ). The cut
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Fig. 3. The effect o f the final three cuts for the H°vv search ap­
plied sequentially to the preselected data. The arrows indicate 
the position o f the cuts, (a ) 0 m < 3  rad, (b )£ * > 0 .1 2 , (c)
M/h ~W/bg>0.14.
Table 1
Detection efficiency for Higgs events in different channels.
Higgs mass 
[GeV]
H°vv
[%]
H V ji~
[%]
H°e+e~
15 42 54 40
20 57 60 41
30 70 62 39
40 68 61 38
45 61 61 38
50 47 59 35
is placed so as to reject all background Monte Carlo
events.
The efficiency of these cuts versus the H° mass is 
shown in table 1. The trigger efficiency is included 
and it is found to be in excess of 99% in the mass 
range under investigation [4].
No events surviving these cuts were found in our 
data sample.
5. Z °-»H °e+e and Z °-»H V +ji event selection
Z0 -*H°ß+ß"~ events are characterized by the pres­
ence of two high momentum isolated leptons, com­
ing from the off-shell Z0*, recoiling against one or 
more hadronic jets coming from the H° decay. In our 
case the two charged leptons can be either electrons 
or muons.
The identification of H°e+e” candidates is mainly 
based on energy deposition in the BGO barrel. For 
isolated electromagnetic clusters the quantity E9/ E 25 , 
defined as the ratio of the energy deposited in a 3 X 3 
crystal array and the energy deposited in a 5 X 5 array 
both centred on the same most energetic crystal, is 
approximately a gaussian centred at 1 with a width of 
1%. A position-dependent leakage correction is ap­
plied to both energy measurements. An electron is 
identified as a cluster having E9/E 2 5 between 0.97 and 
1.03 and a track in the central tracking chamber 
matching the cluster centroid with 5 mrad in the azi­
muthal angle.
Events are selected if two electrons are found, one 
with energy greater than 10 GeV, the other with en­
ergy greater than 7 GeV. Each electron must pass an 
isolation cut which requires that the additional en­
ergy in the BGO and hadron calorimeters within 10° 
of the electron direction is less than 5% of the elec­
tron energy.
If the sum of the energies of the two electrons ex­
ceeds 60% of J~s and the total number of calorimetric 
clusters is less than 10 an event is rejected. This cut 
removes radiative dilepton final states.
A further set of cuts is applied to the remaining 
sample in order to identify the Higgs signal. We re­
quire at least two tracks in the central chamber and 
one jet in the calorimeters, besides the ones associ­
ated with the electrons.
The detection efficiency for Higgs masses ranging 
from 15 to 50 GeV is shown in table 1 .
One event out of the total data sample, identified
passes the above selection cri­
teria. The invariant mass of the system was 
measured to be 0.4 GeV and is therefore outside the 
mass range under investigation. The event is consis­
tent with the expected rate of four fermion final states.
The H V +|i” candidates are selected requiring that 
the event contains at least one track in the muon 
chambers with Pu> 10 GeV coming from the vertex
as e +e- e+e
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and associated with at least one hit in the scintillator 
barrel within 5 ns from the beam crossing.
For the detection of the Higgs decay products we 
require that at least five calorimetric clusters (of 
which two are associated with charged tracks) are 
present besides the ones associated with the muons. 
This cut removes cosmic rays and Z° decays into 
muon and tau pairs even if accompanied by photons, 
and four fermion final states.
In the case a second muon track with P^> 3 GeV is 
present in the event we require that the invariant mass 
of the two muons should be larger than 5 GeV.
In the case only one muon track has been detected 
we require that
-  the muon should be well inside the acceptance of 
the muon spectrometer: | cos 6^ \ < 0.75;
-  the thrust of the event should be less than 0.9.
Finally in order to remove hadronic (mainly bb)
decays of the Z° containing a muon in the final state 
at least one of the muons is required to be isolated. A 
muon is defined to be isolated if, within a cone of half 
angle 35° around it, there are less than two tracks in 
the vertex chamber, and a calorimetric energy less 
than 25% of the muon momentum, excluding tracks 
and energy associated with the muon.
The detection efficiency for a Higgs of 40 GeV mass 
is about 60%. The efficiency for different Higgs 
masses is shown in table 1 .
No events survive these cuts both in the data and 
in a Monte Carlo sample of standard Z° decays cor­
responding to about 1.5 times the acquired 
luminosity.
The trigger efficiency for both lepton channels has 
been checked using electron, muon and tau pair 
events and has been found to be close to 1 0 0 % due to 
the redundancy of the muon, energy and charged track 
triggers used.
( 3 ) Error on the Higgs detection efficiency of 2% 
due to the uncertainties in the Monte Carlo fragmen­
tation parameters which was estimated varying the 
relevant Lund fragmentation parameters.
(4) Error on the luminosity [20] of 1.3%.
(5) Error on Higgs detection efficiency due to 
Monte Carlo statistics of 1.5%.
Combining all these errors in quadrature we obtain 
an overall systematic uncertainty of 4%.
For the neutrino channel we also studied qqy events 
with a hard y in order to compare the quantities used 
in the analysis between data and Monte Carlo. When 
these events are reconstructed ignoring the photon 
their topology is similar to the H°vv events [6 ]. Fig. 
4 shows the results of this comparison as well as the 
resolution on the invariant mass of the hadronic sys­
tem. Data and Monte Carlo agree within the statisti­
cal errors.
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6. Systematic uncertainties
The source of systematic errors on the number of 
expected Higgs events are the following:
( 1 ) Theoretical uncertainty on the Higgs boson 
production cross section of 2 %.
(2) Theoretical uncertainty on the Higgs decay 
branching ratios which contributes an error on the 
detection efficiency of 1 %.
Fig. 4. Comparison of the data and the Monte Carlo for qqy events, 
after removing the photon from the reconstruction. 0123 (a) and 
the total energy imbalance (b) are shown. The histogram repre­
sents the Monte Carlo and the points represent the data. In (c) 
the relative difference between the visible mass of the event, ex­
cluding the photon, and the invariant mass of the hadronic sys­
tem computed from the energy of the photon is shown. The res­
olution for the visible mass is 15%.
457
Volume 257, number 3,4 PHYSICS LETTERS B 28 March 1991
7. Results and conclusions
Fig. 5 shows the expected number of events as a 
function of the Higgs mass for the different channels 
analysed. Since no events survive our cuts, combin­
ing the results from all three processes we exclude a 
minimal standard model Higgs boson in the mass 
range 1 5< M Ho<41.8 GeV at the 95% confidence 
level. The effect of the systematic error has been taken 
into account. Combining the result of this study with 
our previously published ones [4 ,5]s we exclude a 
minimal standard model Higgs boson with a mass less 
than 41.8 GeV at the 95% confidence level. This re­
sult is in agreement with previous published mea­
surements [6 - 8 ].
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